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Measurements of the NRM of a 26 m long deep-sea core from the southern Indian Ocean indicated the presence 
of three transitions of magnetic polarity which have been identified as the upper and lower Jaramillo and the upper 
Olduvai on the basis of micropaleontological riteria. Detailed studies of the magnetic reversals were made in view 
of the high deposition rates (~ 9 cm/10"J yr) present over sections of the core. 
The NRM was found stable against alternating fields. Magnetic mineralogy studies indicated the presence of 
titanomagnetite and magnetite which probably have not undergone any significant low-temperature oxidation. 
The three polarity changes bad the following features in common : ( 1 ) presence of intermediate directions of 
magnetization; (2) a pronounced rop in the intensity ol magnetization; (3) the drop in intensity of magnetization 
was coincident with the large directional f uctuations. Measurements of saturation isothermal nd anhysteretic 
remanence, and bulk susceptibility, show that the decrease in NRM intensity associated with each polarity change 
is not due to a low concentration of the magnetic minerals. The best estimate for the duration of a polarity transition 
is approximately 4600 yr. 
There is evidence for both eastward and westward rift of the non-dipole field, which appears to be dominant 
during the polarity transition interval. The data presented here support a model of a reversing field in which the 
main dipole field decays to a low value and then builds up in the opposite direction. 
1. Introduction 
During the 14th cruise of  the RV "Robert  Conrad" 
the longest piston core ever taken from a Lamont- 
Doherty research vessel (RC14-14) was raised from 
the Crozet basin at latitude 35 °55'S, longitude 
59°58'E  in a water depth of  4916 m. The true core 
length after removal of  flow-in was 2588 cm. The 
relative azimuthal orientation of the core was pre- 
served by scribing a continuous line on the surface 
of  the sediment during extrusion. Although this line 
had an arbitrary azimuth, it made relative declination 
studies possible for this core along with inclination 
observations. This orientation method has been fre- 
quently used for magnetic declination studies in low 
latitude cores [ 1 ]. 
* L-DGO Contribution No. 2007. 
The core consists of radiolarian and diatom lutite, 
burrow mott led in some portions and faintly lami- 
nated in others. The 3.5-kHz profiler records taken 
near the core site show a series of  asymmetric re- 
flection hyperbolas indicating a possible dune-type 
morphology. Bottom photographs show a mud sur- 
face with no visible indications of  scouring. 
2. Magnetic mineralogy 
A concentrat ion of  ferromagnetic grains was ob- 
tained from a sample near the bottom of core 
RC 14-14 using a technique similar to that described 
by LcMie et al. [2]. The extracted magnetic fraction 
consisted predominantly of  dark colored grains, al- 
though some lighter colored grains were also present. 
High field (4 kOe) Curie temperature analysis was 
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Fig. I. Thermomagnetic curve for magnetic separate from 
bottom of core RCI4-14. Sample was brought quickly to 
300°C and then to 400°C, held at each temperature for ½hr, 
before completion of heating and then cooling half of ther- 
mal cycle. 
a titanium-rich phase and a titanium-poor phase 
whose saturation magnetization is greater than that 
of the original phase, accounting for the increase in 
magnetization  cooling to room temperature [4]. 
Due to the lower activation energy for unmixing 
of titanomaghemite compared to that for cation 
migration in a titanomagnetite [5,6], unmixing of 
the former can proceed at lower temperatures. Be- 
cause no significant effect was observed in our 
thermomagnetic analysis at 300°C, and only a slow 
change at 400°C, it is probable that the initial mag- 
netic minerals in this core were essentially magnetite 
and titanomagnetite. The results of these considera- 
tions lead us to believe that secondary components of
magnetization resulting from low-temperature oxida- 
tion are likely to be unimportant in this core. 
performed on the extract in order to identify the 
magnetic minerals. 
The sample was heated rapidly in air to 300°C 
and maintained at that temperature for one half hour. 
The temperature was raised to 400°C and maintained 
for an additional half hour. It was then raised quickly 
to about 600°C, and the sample was allowed to cool 
to room temperature. 
The thermomagnetic curve was irreversible (fig. I). 
Initially the 'magnetic extraction contained two 
phases, one of which has a low Curie temperature 
around 190°C. Although no change in saturation 
magnetization was observed uring the 300°C heat 
treatment, during the half hour at 400°C there was 
a substantial increase. The second magnetic phase 
had a Curie temperature of 520°C. During the cool- 
ing half of the thermal cycle a single Curie tempera- 
ture of 520°C was observed, and there was an 
increase in saturation magnetization ver the initial 
value. 
The 520°C Curie temperature probably indicates 
a magnetite with a low titanium content. For this 
mineral, using the general titanomagnetite formula 
x Fe2TiO4(1 -x)FeaO4 the value of the compositio- 
nal parameter (x) would be 0.10 [3]. The second of 
the initial phases, with the 190°C Curie temperature, 
may have been either a titanomagnetite (with x equal 
to 0.53) or a titanomaghemite. On heating in air at 
elevated temperatures, these minerals unmix to give 
3. Magnetic stratigraphy 
Specimens were chosen from eight levels through 
the core for detailed studies of directional and in- 
tensity changes with increasing alternating fields. The 
equipment used was similar to that described by 
McElhinny [7]. The resulting AF demagnetization 
curves and directions of magnetization are shown in 
fig. 2 for normally and reversely magnetized speci- 
mens, and in fig. 3 for specimens with intermediate 
directions. The results indicated good magnetic sta- 
bility throughout the core with the median destruc- 
tive field being in all cases above 100 Oe and in most 
cases around 200 Oe. Directional changes in peak 
fields higher than 100 Oe were usually within the 
measurement error. A demagnetization field of 100 Oe 
was chosen for blanket reatment of the core. 
Over most of the core, samples were taken at 
10-cm intervals. The direction and intensity of the 
remanence after treatment in the lO0-Oe alternating 
field were measured for all samples. In this way, the 
magnetic polarity boundaries were located. The sec- 
tions of the core containing these polarity transitions 
were then sampled as continuously as possible in an 
attempt to study the behavior of the geomagnetic 
field as the polarity transitions took place. The ob- 
served variations of declination, inclination and in- 
tensity in the core are shown in fig. 4. The consis- 
tency of the data was high, and the magnetization 
direction changed by 180 ° across each polarity change 
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Fig. 2. Variation of NRM intensity and direction with partial demagnetization by alternating fields of six specimens. Specimens 
from 711 cm and 2416 cm are normally magnetized (negative inclinations); the remaining four specimens are reversely magne- 
tized (positive inclinations). 
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Fig. 3. Variation of NRM intensity and direction with partial 
demagnetization by alternating fields of two specimens with 
intermediate directions. Both specimens have positive inclina- 
tions. 
The average inclination in the normally magnetized 
section of the core was - 56.5 o (s.d. = 8.7°); in the 
reversed section of the core the mean inclination was 
58.6 ° (s.d. = 6.7°). The absolute values were not 
significantly different from each other or from the 
inclination of the axial dipole field at the site, which 
was 55.5 °. 
It can be seen immediately from fig. 4 that, al- 
though the top of the core is somewhat disturbed, 
it is clearly reversely magnetized to a depth of 460 
cm. A normal interval follows from 460 to 940 cm. 
Then there is a long unbroken stretch of reversely 
magnetized core to a depth of 2250 cm where a 
polarity change again occurs. The remainder of the 
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Fig. 4. Magnetic haracteristics of core RC14-14. The variations with depth in core of the NRM declination, inclination, and in- 
tensity as well as the intensity of SIRM and ARM (see text for explanation) are the values after an alternating field treatment of 
100 Oe. The variation of bulk susceptibility (k) is also shown. Bar scale at bottom shows interpretation f NRM directional data :
black is normal, white reversed and hachured is intermediate magnetization. 
t ion is character ized by a dist inct drop of  remanent  
intensity.  
The magnetic strat igraphy is not  obvious since no 
Brunhes age sedimensts are present at the top of  the 
core which consequent ly  must  be older than 690,000 
yr. Dr. J.D. Hays (personal  communicat ion)  has 
identi f ied the polar ity transit ion at 2250 cm as the 
upper Olduvai reversal on the basis of  the ext inct ion 
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of Clathrocylas bicornus [8, 9]. The only prominent 
normal interval above this point in the magnetic 
time scale is the Jaramillo event. We, therefore, cor- 
relate the normal interval between 460 and 930 cm 
with the Jaramillo event. 
The duration of the Jaramillo event has been esti- 
mated by Opdyke [10] to be 56,000 yr. This would 
make the rate of sedimentation within the Jaramillo 
event 8.6 cm/1000 yr, in this core. Clearly, this high 
rate of sedimentation did not persist for long be- 
cause if it did the Olduvai event could not have been 
penetrated. It is evident hat a hiatus is present some- 
where between the bottom of the Jaramillo and the 
top of the Olduvai, although there is no obvious 
lithological break that would indicate its position. 
The sedimentological conditions which cause a situa- 
tion where high rates of sedimentation alternate with 
apparent nondeposition are not at present understood 
but they are under active investigation. It is apparent, 
from other cores in the region, however, that the hia- 
tuses inferred in this core are not of regional extent. 
4. Intensity changes 
It has been shown previously [11] that reversals of 
polarity in cores are characterized by a sharp decrease 
in remanent intensity in the transition zones. This is 
seen clearly in RC14-14 as shown in fig. 4. In most 
cores, the rates of sedimentation are so tow that 
intermediate directions, which are often in lava se- 
quences, are seldom seen. Because of the high deposi- 
tion rate of RC14-14, intermediate directions of 
magnetization are present within each transition 
interval as well as a sharp decrease in intensity. 
A decrease in the intensity of magnetization can 
be due to: (a) less effective magnetic alignment re- 
suiting from a decrease in the strength of the magne- 
tizing field; (b) a cancellation effect due to oppositely 
aligned fractions within the same sample [ 12]; or (c) 
a decrease in the amount of magnetic material pre- 
sent in the core. Possibility (b) can probably be ruled 
out in RC14-14 because of the number of adjacent 
samples in which reduced intensity was observed. In 
order to test for the possibility (c), bulk susceptibility 
(k), anhysteretic remanent magnetization (ARM) and 
saturation isothermal remanent magnetization (SIRM) 
measurements were made on all samples. The results 
are shown in fig. 4. Each remanent intensity was 
measured after AF treatment in a field of 100 Oe as 
for the NRM. 
The bulk susceptibility was measured on a com- 
mercial susceptibility bridge with an accuracy of 5%. 
The mean value o fk  for 384 samples was 
3.1 X 10 -4 gauss/Oe with a standard eviation of 
1.05 X 10 -4. 
The SIRM was produced by magnetizing the 
specimens in a field of 8000 Oe with a 4-inch electro- 
magnet. The ARM was producedusing an alternating 
field of 1200 Oe coaxial with a constant field of I Oe. 
From an inspection of fig. 4, it can be seen that 
k, SIRM and ARM give an internally coherent pic- 
ture of the variation of the magnetic mineral con- 
centration throughout the length of the core. For 
instance, between 17 and 18 m a decided drop in 
all three parameters occurs. This feature is more 
pronounced in the ARM and SIRM than in the sus- 
ceptibility. A similar drop intensity of the NRM is 
also observed showing clearly the influence on in- 
tensity of a magnetic mineralogy variation. The 
greatest reductions in NRM intensity, however, occur 
at the positions of changes of magnetic polarity. At 
none of these polarity transitions i there a correspond- 
ing drop in k, ARM or SIRM intensity. This strongly 
indicates that the drop of NRM intensity at these 
points is due to a decrease in the strength of the 
earth's magnetic field, during the time required for 
the polarity transition to take place. 
5. Details of polarity transitions 
In order to examine in detail the changing polarity 
of the field, the declination, inclination and intensity 
have been plotted in fig. 5 on an expanded scale. 
Well-defined intermediate directions of magnetiza- 
tion are present in all three transitions. However, it 
appears that the most detailed record of a polarity 
change is recorded in the lower Jaramillo reversal. 
The reversals which occur at the upper Jaramillo/ 
Matuyama nd Olduvai/Matuyama boundaries occur 
in sediments which show evidence of bioturbation. 
The bioturbation may well have acted to smooth 
out these transition zones so obscuring the details of 
the reversals. The Matuyama/Jaramillo transition; on 
the other hand, fortunately occurs in sediments which 
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Fig. 5. Detai ls  of incl inat ion,  dec l inat ion and intensi ty  of mag- 
net ical ly cleaned remanence across the upper and lower Jara- 
miUo, and the upper Olduvai  po lar i ty  transit ions (core 
RC14-14).  
exhibit faint laminations. We, therefore, feel that 
bioturbation has not acted on this section of core to 
obscure the details of the reversal. 
All three transitions have the following features 
in common: (1) intermediate directions of magneti- 
zation; (2) a pronounced rop of intensity of mag- 
netization; (3) the drop in intensity of magnetiza- 
tion is coincident with the onset of the directional 
changes. The last observation is contrary to what we 
had previously thought [13]. 
The lower Jararnillo transition deserves further 
examination. The time taken for both intensity and 
direction of the field to reverse is approximately 
4600 yr, based on the sedimentation rate of 8.6 cm/ 
1000 yr inferred from the length of the Jaramillo 
event in this core. This value is in excellent agreement 
with other estimates of the time taken for field rever- 
sals to occur, which range from 1200 yr to 4600 yr 
[13-16]. However, the results contrast with those 
of Dunn et al. [17] who found that although the 
directional change occurred in about 4000 yr, the 
accompanying intensity variation took place over a 
period of some lO,000,yr. 
It can be seen that in this record of the lower 
JaramiUo transition the intensity of magnetization 
decreases rapidly to a low value in a period of less 
than 1000 yr and remains at a low value for a con- 
siderable time. An examination of the intensity changes 
which take place while the change in polarity is in pro- 
gress reveals three cycles of intensity change with a 
period of about 1400 yr. The declination and incli- 
nation variations exhibit a similar periodicity. It can 
also be seen that a sharp change in declination occurs 
at the end of the second of these 1400-yr cycles, 
coincident with the polar shift between the hemi- 
spheres. The period of these movements is close to 
that usually associated with secular variation of the 
non-dipole field. These observations support he 
hypothesis that during the transition intervals the 
dipole field is weak, comparable in intensity to the 
non-dipole field. 
6. Changes in virtual geomagnetic pole position 
By using a deliberate adjustment to the paleo~ 
magnetic data from this core, we are able to examine 
the movement of the virtual geomagnetic pole posi- 
tion during the reversal. In order to do this, the mean 
declination of the specimens prior to each reversal was 
determined. The mean declination was then set to 
360 ° or 180 ° depending on the polarity. As justifica- 
tion of this step, we use the fact that average inclina- 
tions in the core agree with the axial dipole field in- 
clination, so that it is reasonable to expect he mean 
core declinations to be those of the normal or re- 
versed axial fields, also, provided no evidence of twist- 
ing of the core is found. 
Figs. 6 and 7 show the motion of the VGP across 
each of the three polarity transitions examined. The 
movement of the VGP for the upper Olduvai polarity 
change (fig. 6) is straightforward, from a position 
centered on the north pole south through the 
Atlantic Ocean sector to the south polar regions. 
The upper Jaramillo transition seems to show slightly 
more detail. The VGP moves from the vicinity of the 
north pole, south across North America and west of 
South America, to the south polar regions where the 
path describes a distinct counter-clockwise loop be- 
fore achieving astable position near the south pole. 
The greatest complexity is observed in the lower 
Jaramillo transition (fig. 7). The reversal starts in the 
south polar region. The VGP describes first a clock- 
wise and then a counter-clockwise loop. It then enters 
the northern hemisphere moving northwards through 
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Fig. 6. Positions of VGP for upper Olduvai reversal (core RC14-14). VGP's calculated £zom cleaned remanent directions by suit- 
able adjustment of declinations (see text). Location of core shown by circled cross. 
the western Pacific. Before settling down, it traces 
out a clockwise loop in the northern hemisphere. 
These three loops are accompanied by the intensity 
variation described earlier. 
7. Discussion 
Various models describing field reversal have been 
proposed. They fall generally into two classes. The 
first of these [ 18] suggests that during the reversal 
the earth's dipole field dies away, leaving only the 
non-dipole field, then builds again with opposite 
polarity. Others, such as Creer and Ispir [19], have 
suggested that the field maintains dipolar character- 
istics during a polarity change. Furthermore, Creer 
and Ispir have presented evidence which suggested 
that the preferential path of the resultant dipole 
passes from one hemisphere to another through the 
Indian Ocean. Since core RC14-14 is situated in the 
Indian Ocean, (see fig. 6), it is ideally situated to 
test this hypothesis. None of the transition paths pre- 
served in this core pass through the Indian Ocean. In 
addition, the three reversal paths each occur in dif- 
ferent meridional quadrants: our data do not sup- 
port Creer and Ispir's hypothesis, at least not for the 
three polarity changes examined here. 
If the field remains dipolar during a change in 
polarity, one would expect hat an intermediate 
direction of magnetization for the same transition 
from another position on the globe should yield a 
VGP position on the polar paths shown here. A single 
intermediate direction of magnetization is known 
that has a K/Ar date that would associate it with the 
upper transition of the Jaramillo event (0.86 my). 
This was reported [20] from the type locality of the 
Jaramillo event from Jaramillo Creek, New Mexico. 
This lava yields a VGP situated in South Africa and 
is represented in fig. 7 by the triangle. Our data 
show that this position is about 90 ° away from the 
VGP paths of both the upper and the lower reversal 
of the Jaramillo event. We conclude that the evidence 
does not support he model of a toppling dipole. 
From the study of these polarity changes and, in 
particular, the transition at the base of the Jaramillo 
event, the following picture of field behavior during 
a polarity transition emerges. We believe that the 
intensity of the dipole field drops rapidly (fig. 5) to 
a low but non-zero value allowing the non-dipole 
field to predominate. This is reflected in the large 
looping excursions from the rotation axis seen in 
the VGP paths (fig. 7). Since both clockwise and 
anti-clockwise rotations of the VGP path are seen, it 
would appear that westward and eastward rift of the 
non-dipole field occurred [21, 22]. 
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Fig. 7. Positions of VGP for upper and lower Jaramillo polarity transitions (core RC14-14). VGP's calculated from cleaned re- 
manent directions by suitable adjustment ofdeclinations ( ee text). VGP's for lower Jaramillo polarity transition are those re- 
suiting from a two-point running mean of original VGP's. Core location shown by circled cross. Position of VGP for intermediate 
direction from Jaramillo Creek, N. Mexico, dated at 0.86 my [20], is shown by solid triangle. 
Both eastward and westward rift of the non-di- 
pole field have also been inferred from the sense of 
VGP loops associated with the upper Miocene Steens 
Mountain polarity change [13] and those from Lake 
Windermere sediment cores covering the past 10,000 
yr [23]. It is interesting to note that observatory e- 
cords from Sitka, Alaska, indicate an eastward rift 
during the past sixty years, in contrast to the pre- 
dominance of a westward irection of drift observed 
over most areas of the world for the past several 
hundred years [22, 24]. Apparently, the direction of 
drift can vary with time as well as geographic loca- 
tion. 
Although the excursions of the VGP's are large, 
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they only rarely extend into equatorial latitudes. 
This may indicate that although the dipole field is 
much reduced, it is still of sufficient strength to 
keep the VGP's in middle and upper latitudes. The 
motion of the VGP from the southern to the 
northern hemisphere takes place at the intensity min- 
imum at the end of the second 1400-yr cycle (during 
the lower Jaramillo reversal). At this point, the di- 
pole field must have changed its polarity in a very 
rapid time, apparently of the order of a few hundred 
years. 
The recovery of a sediment core which has a high 
deposition rate and contains magnetic polarity changes 
is uncommon. A core of some 70 m in length, longer 
even than this core RC14-14, the longest aken from 
a Lamont-Doherty research vessel, would be neces- 
sary to penetrate a sequence deposited at a high uni- 
form rate (~ 10 cm/1000 yr) spanning time from the 
present o the Brunhes/Matuyama boundary (690,000 
yr). Apparently, other cores with missing upper sec- 
tions will need to be studied to confirm some of our 
conclusions on field behavior during a polarity transi- 
tion. These types of cores present such problems as 
the identification of other contained hiatuses and 
their duration. Although paleomagnetic observations 
on the sediment cores recovered in the Deep Sea 
Drilling Project have not yielded impressive magnetic 
stratigraphies, the great penetration of these cores 
would provide suitable material for this type of study. 
It would also be preferable to know the absolute azi- 
muthal orientation of the core for detailed studies, 
although the present study shows that such analysis 
is possible without this information. This core orienta- 
tion capability is not presently available on Lamont's 
coring apparatus. 
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